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ABSTRACT: A combined experimental and theoretical study shows how the interaction
of VUV radiation with cyclo-(alanine-alanine), one of the 2,5-diketopiperazines (DKPs),
produces reactive oxazolidinone intermediates. The theoretical simulations reveal that the
interaction of these intermediates with other neutral and charged fragments, released in the
molecular decomposition, leads either to the reconstruction of the cyclic dipeptide or to
the formation of longer linear peptide chains. These results may explain how DKPs could
have, on one hand, survived hostile chemical environments and, on the other, provided the
seed for amino acid polymerization. Shedding light on the mechanisms of production of
such prebiotic building blocks is of paramount importance to understanding the abiotic
synthesis of relevant biologically active compounds.
In the early 1950s,1 it was proven that organic compounds canbe synthesized spontaneously from simple inorganic
precursors. These findings explained the observation of the
large variety of organic matter,2−5 including amino acids6−8 and
even simple peptides,9 detected in hostile and abiotic environ-
ments as meteorites and carbonaceous chondrites.10 Since then,
many experiments have been performed11−14 and theoretical
models15 have been developed in order to understand and
reproduce the chemical evolution of biologically relevant
compounds under the harsh conditions of, for example,
astronomical objects in the interstellar medium: high exposure
to VUV light and cosmic rays, low temperatures, and low
pressures. Under such conditions, UV photons can ionize and/
or excite the molecules and, as a direct consequence, generate
highly reactive radical compounds in the interstellar me-
dium.16,17
Beyond the formation of amino acids, the condensation of
these elementary units into increasingly complex peptides has
been the necessary step in the development and evolution of life.
However, peptide bonds are not formed spontaneously. Rather,
one of the reactants must be activated, commonly through the
carboxylic group.18−20 Peptide bond formation is indeed a
fundamentally important reaction in organic synthesis and is
typically mediated by the so-called coupling reagents.21 In
abiotic environments, external agents are required in the absence
of such activating reactants, and several mechanisms have been
envisioned for the abiotic synthesis of proto-peptides, from
thermal polymerization and wet−dry cycles to the intervention
of condensing agents.22,23 The role of the surface-catalyzing
condensation of two amino acids has also been discussed.24−28
Charge transfer between the amino acid and the substrate can be
responsible for such catalysis. Other potential mechanisms
behind the surface-catalyzed reaction imply the formation of a
zwitterionic form after proton migration.25 Ultrafast hydrogen
migration has also been observed in ionized gas-phase amino
acids, both in isolated molecules29−31 and in a cluster
environment.32,33
The lifetime of individual peptide bonds is in the range of tens
or even hundreds of years,34 while their formation depends on
the density of activating species and available energy. Thus, at
the low concentration of amino acids in the primordial or
astronomical environments, reaction rates for peptide formation
are likely to be very slow. Activated intermediates such as
diketopiperazines (DKPs) and 5(4H)-oxazolones are consid-
ered to be among the major cyclic intermediate units that can
significantly favor the abiotic formation of peptides.22 2,5-DKPs,
cyclodipeptides obtained by the condensation of two α-amino
acids via two peptide bonds and the ejection of two water
molecules, are considered to be among the most relevant players
in the emergence of life and homochirality.34 Oxazolidinones are
another type of heterocyclic organic compound which has had a
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role in prebiotic chemistry.35,36 The five-membered moiety of
these compounds has been found in the structure of biologically
active natural products, and their activity is specifically
connected to the ring shown in its structure.37 These highly
reactive intermediates, also commonly used in modern
laboratories for peptide synthesis,38 could also be formed and
activated spontaneously without any catalyst or other reactive
species, as we show in this work.
In this study, experiments and modeling have been combined
to demonstrate that ionization induced by the VUV irradiation
of cyclo-dipeptides has the potential to trigger diverse reactive
mechanisms. In particular, we show how the degradation of
alanine-alanine diketopiperazine (cyclo-(alanine-alanine) or
cAA), one among the simplest 2,5-DKPs,39 after photo-
ionization can drive two highly relevant chemical processes:
(i) the reconstruction of the dipeptide itself through reactions
among some of its decomposition products and (ii) the
formation and elongation of a linear peptide via isomerization
of the molecular parent ion into oxazolidinones structures. The
mechanisms of both processes have been computed. The former
explains cAA stability in hostile environments, and the latter
provides the seed of an abiotic mechanism for peptide synthesis.
These processes require neither a catalyst nor an aqueous
environment but only VUV radiation as an activating agent.
Thus, they may have played an important role in the early stages
of prebiotic chemistry.
In the experiments, performed at the CIPO beamline40 of the
Elettra synchrotron radiation facility, we used a monochromatic
photon beam of 60 eV energy and an end station where an
electron energy analyzer (VG 220i) is mounted opposite to a
time-of-flight (TOF) spectrometer at the magic angle with
respect to the polarization vector of the radiation.41 These two
spectrometers can be operated independently to record
photoelectron spectra or mass spectra or, in conjunction, to
perform photoelectron-photoion coincidence (PEPICO) meas-
urements. The latter have been performed in the binding energy
(BE) range from the cAA ionization threshold up to 24 eV.
Thanks to the time correlation between the fragment ions and
the kinetic energy selected photoelectrons, the PEPICO
technique provides the breakdown curves, i.e., the yield of
each fragment versus BE and therefore direct information on
state-selectedmolecular fragmentation paths.42 The cAA sample
(C6H10N2O2, see inset in Figure 1) was inserted into a crucible
under vacuum and heated to 87 °C to produce an effusive beam.
The residual pressure in the chamber with the beam on was 3.4
× 10−7 mbar. The breakdown curves of the ion species that
dominate the mass spectrum are reported in Figure 1. These
include the parent ion (m/z 142+), the fragment ions at m/z
114+ and 99+ assigned to the CO and HNCO losses,
respectively, and the channels at m/z 44+, 28+, and 71+. Clear
state selectivity in the molecular fragmentation is observed.
Indeed, the parent ion is observed only at BE < 10.5 eV, the 114+
and 99+ fragments in a well-defined range are centered around
10.3 eV, and other fragments appear at BE > 12 eV. Among
them, the 71+ fragment, observed as a stable species in the BE
region of 12−16 eV, is particularly intriguing and will be the
topic of this work because with its mass, which is half of the cAA
mass, it is produced in a symmetric breakup of cAA and may be
Figure 1. PEPICO spectra and ion yields. (a) Sum of all PEPICO spectra of cAA up to BE 24 eV; all the fragments relevant to this work and the
structure of the 71+ fragment (Figure 2) are indicated. (b) PEPICO breakdown curves of the fragment ions indicated by arrows in panel (a). In the
inset, the structure of the cAA molecule and the bond breaks responsible for the ring opening are indicated. (c) Total ion yield (dots) obtained by
adding up the breakdown curves for all fragment ions shown in panel (a), apart from fragments 17+ and 18+, clearly assigned to the water, and its three-
point smoothing.
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related to the [alanine-H-OH]+ fragment. The appearance
energy of the 71+ fragment, well below the second ionization
potential of cAA estimated according to empirical rules43,44 at
about 20 eV, rules out an identification with cAA2+. A detailed
discussion of all the other observed fragmentation channels will
be the subject of a forthcoming publication.
We have performed quantum chemistry calculations to
identify the most relevant fragmentation channels and the
structure of the produced compounds and to infer the
mechanisms behind the experimental observations. Here we
use the two-step computational strategy that has recently been
implemented to study the fragmentation of ionized glycine and
thymidine.29,45 First, we performed ab initio molecular
dynamics (MD) simulations. In order tomimic the experimental
conditions, we considered the vertical ionization from the
neutral molecule, and with a given amount of excitation energy
randomly redistributed among the nuclear degrees of freedom,
we let the system evolve by analyzing the most populated
channels after 500 fs of propagation. Then, from the most
populated channels and taking as reference the experimental
observations, we run a second set of calculations exploring the
potential energy surface (PES). We located the critical points on
the PES, transition states (TS), and local minima, connecting
the pathways from the ionized molecule to the charged
fragments observed in the experiments. All of the simulations
were carried out using the density functional theory (DFT) as
implemented in the Gaussian 16 package46 (see Computational
Details). This strategy enabled us to unravel the fragmentation
pathways and structural rearrangements for all of the main
fragments observed in the mass spectra and PEPICO experi-
ments. The upper panels in Figure 2 show examples of the
trajectories in the MD simulations leading to the channels
studied in this work. The corresponding mechanisms are shown
on the PES (lower panels in Figure 2). According to the
simulations, the cAA+ fragmentation in the near-ionization
threshold region is always initiated by a ring opening that
preferentially involves the CO−CHCH3 bond cleavage (blue
path, TS1). It may also proceed via the NH−CHCH3 (green
path) or the CO−NH amide (red path) bond breaking through
higher-energy transition states TS2 and TS3, respectively. It is
noticeable that after the CO−CHCH3 and amide bond
openings, pathways going through the TS1 and TS3 transition
states, respectively, the cationic molecule efficiently collapses
into stable oxazolidinone structures. The most stable one is
found after CO−CHCH3 bond cleavage through TS1 and leads
to the Min1 linear structure, which evolves toward (S)-4,5-
disubstituted 2-oxazolidinone (5-ethylideneammonium-4-
methyloxazolidin-2-one), about 0.5 eV below the entrance
channel. A second oxazolidinone compound is achieved after
TS3; it is an (S)-2,4-disubstituted 5-oxazolidinone (2-(1-
aminoethyl)-4-methyloxazolidin-5-one; terminal-amino dehy-
drogenated), in this case ∼0.1 eV above the entrance channel.
Figure 2.Ab initiomolecular dynamics and PES exploration. Upper panels: examples of molecular dynamics trajectories leading to (a) the ring opening
through the CO−NH bond rupture and (b) the production of a linear 71+ fragment. Lower panels: potential energy surface with the critical points
(minima and transition states) showing (c) the three possible paths for ring opening to produce oxazolidinone structures and (d) the mechanisms for
the production of neutral 71 and cationic 71+ fragments. In the potential energy surface, relative energies are given in eVwith respect to the neutral cAA
structure. Calculations are carried out at the DFT-B3LYP/6-311++G(d,p) level (Computational Details). VIP stands for vertical ionization potential,
i.e., the energy required to extract one electron from the neutral molecule at the geometry of the most stable conformer.
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Taking the lower-energy path initiated at the CO−CHCH3
bond break (blue path, TS1), we followed the evolution of linear
structure Min1 toward the production of the neutral and
charged fragments with 71 amu (Figure 2d). In this case, passing
through TS4 (located at 10.99 eV with respect to the neutral
cAA), a weakly bound three-fragment structure [CO···C2NH5···
C3H5NO]
+ is formed. This structure can further evolve, leading
to three-body fragmentation where the charge can be hosted in
Figure 3.Relaxed scans and critical points on the reactivity of neutral 71 and 71+ fragments. Left column: relative energies in eVwith respect to the final
product in the bond distance scan. The black line shows all the intermediate steps, and red points refer to the optimized structures for a given bond
distance. Left column: critical points in the mechanisms (intermediate, transition states, and final products). Symbols relate the corresponding points
in the scan used as a reference to obtain the final structure. Relative energies are given in eV with respect to the final product in each mechanism: (a)
neutral 71 and cationic 71+ fragments producing cAA+; (b) neutral 71 and cationic 71+ fragments producing cationic 5-oxazolidinone+; (c) neutral 71
fragment and cationic 5-oxazolidinone+ leading to a peptide chain linked to the 5-oxazolidinone+; (c-cont) evolution of the previous structure leading
to a cationic tripeptide+; and (d) reaction of the product obtained in (c) with a neutral 71 fragment leading to a dipeptide chain linked to the 5-
oxazolidinone+.
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any of the three produced fragments. The lowest-energy process
corresponds to the formation of C3H5NO
+ (m/z 71+). Figure 2b
reports an example of the MD simulations showing also the
direct production of the cationic 71+ fragment, supporting the
validity of the proposed path. This fragment, which indeed
corresponds to “half” of the molecule, has enough energy to
overtake the TS5 barrier and can rearrange into an amino acid-
like structure, where the canonical alanine ion has lost the
hydroxyl group from the carboxylic end and a hydrogen atom
from the amino side. In a simplified picture, this amino acid-like
structure is the core of the amino acid in a peptide chain, after
peptide bond formation and water release. It is interesting to
observe that in the PEPICO spectrum (Figure 1b) the 71+
fragment appears very close to the calculated energy of 12.07 eV
above the neutral cAA. The other two paths lead to the charge
located in the smaller fragments and a neutral structure (also
with 71 amu), which is stabilized in a three-membered cyclic
substructure (panel in Figure 2d). Fragment 71+ is a chiral
molecule, and in Figure 2, the “sinister” S enantiomer is shown.
Nevertheless, TS5 may lead to both S and R fragments. Because
the same amount of energy is required to arrive at any of these
enantiomers, there is no mechanistic proof to explain an
enantiomeric excess. Since only L peptides are obtained in living
organisms, from now on we will perform our simulations with
the S enantiomer.
The main question we would like to address is whether these
peculiar features, i.e., (i) the cationic oxazolidinones generated
by the molecular rearrangement of the cAA+ parent ion (Figure
2c) and (ii) the amino acid-like structure and rearrangements of
their neutral and charged fragments (71 and 71+ in Figure 2d),
have the potential to support the formation of cyclic or linear
peptides. For this purpose, we investigated the reactivity
between the neutral 71 and cationic 71+ fragments as well as
the subsequent addition of a neutral 71 fragment to cationic
oxazolidinones. The results are represented in Figure 3. The
strategy followed in this further study is similar to the previous
one. In this case, we explored the PES through relaxed scans,
where the distance between the atoms forming the new bond is
shortened while the rest of the structure is allowed to relax into
the configuration of minimum energy. The results are the energy
profiles shown in the left column of Figure 3. Then, starting from
the most relevant structures of the scans, we computed
intermediates, transition states, and final products on the PES.
These species are shown on the right-hand side of the figure. We
started by inducing reactivity between the neutral 71 and
cationic 71+ products. Two possible paths were obtained: the
first one (Figure 3a) corresponds to the stabilization on the
original cAA+ structure, and in the second one (Figure 3b), the
observed reactivity produces the same 5-oxazolidinone obtained
after ring opening via the CO−NH bond cleavage of the original
cAA+. With the addition of a further neutral 71 fragment, this
molecule evolves toward a new 5-oxazolidinone with a peptide
chain as the final product (Figure 3c). As shown in Figure 3c-
cont, this molecule may evolve, after overtaking two transition
states, in a linear tripeptide. If, instead of letting the system
evolve, we study the reactivity of the peptide-chain-substituted
oxazolidinone obtained in Figure 3c with another neutral 71
fragment, we end up with a new oxazolidinone holding a longer
peptide chain. All of these mechanisms share a common
structure, that of the neutral 71 fragment, which is polarized and
electrostatically attracted by a cationic reagent as an anchoring
point. They further confirm the potential of the observed
photoionization products of cAA to react, creating long peptide
chains. The seed for the polymerization of the peptide chain is
the cationic 5-oxazolidinone, which is also present as a
photoionization product in the one-step isomerization process
(TS3 in Figure 2). Interestingly, the processes shown in Figure 3
are energetically quite favorable, with small (or negligible)
barriers that, once overtaken, lead to the final product. Thus, the
formation of oxazolidinones and fragments 71 and 71+ after the
VUV irradiation of cAA is the key step in the subsequent
polymerization reactions.
A second question we should address, related to the elusive
problem of the homochirality in life, is whether both reactants
and products are conserved stereochemically pure throughout
the entire reaction. Compounds very similar to the oxazolidi-
nones found in this work, such as 5(4H)-oxazolone, have been
widely used in peptide synthesis.47,48 However, they have been
traditionally considered to be side products to be avoided during
peptide synthesis since they can lead to the loss of optical activity
from stereochemically pure reactants due to a tautomerization
process.49 Interestingly, in the case of ionized 5-oxazolidinones,
the tautomerization transition state (calculated at the same level
of theory) shows an energy barrier of 3.28 eV according to our
calculations, while the formation of the first intermolecular
minimum in Figure 3c between the oxazolidinone and the
neutral 71 fragment is a favorable barrierless process. Therefore,
if both reactants are stereochemically pure, then the proposed
mechanism upholds this property and during polymerization
acts as “asymmetric seeds” producing nonracemic peptide
mixtures. To eventually explain the homochirality in nature,
further studies on the possible energy difference in the paths
leading to the different enantiomers are required, as slight energy
differences due to symmetry violation may favor a mechanism
toward enantiomeric excess.50−52 In this context, it has been
shown that polarized VUV light could induce an enantiomeric
excess in gas-phase amino acids.53−60
Peptide bond formation in the gas phase is attracting more
and more interest. Indeed, it has been recently investigated in
the collision-induced dissociation (CID) of (i) molecular
clusters formed by tryptophan or serine molecules inside
charged helium droplets61 and (ii) protonated serine−serine
dipeptides62 as well as in the interaction of energetic highly
charged ions with neural clusters of β-alanine.32 In this work, we
demonstrate that the VUV ionization of simple DKP molecules
triggers a complementary route, with the formation of 5-
oxazolidinone and reactive species (71 and 71+) as prebiotic
building blocks.63 The interaction between them easily
promotes the formation of peptide chains with the oxazolidi-
none as the elongation seed.
In summary, this work demonstrates how a cyclic dipeptide
such as cAA could have been a suitable oligomer to survive
rather hostile environments, where molecules are constantly
exposed to radiation. The key mechanism we propose here relies
on the formation of neutral and charged fragments in the
peculiar amino acid-like structure of [alanine-H-OH], which is
the core of the amino acid in a peptide sequence. We
demonstrate via molecular dynamics simulations and potential
energy surface exploration that these fragments, experimentally
observed in the molecular BE region 12−16 eV after cAA
exposition to VUV photons, have the potential to easily
polymerize in both cyclic and linear structures, ready for peptide
elongation. The smart decomposition of this cyclic dipeptide is
based on the power of amino acid-like produced fragments to
recycle themselves into cyclic-dipeptide structures or to provide
the seed for linear polymerization. These prebiotically plausible
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pathways for peptide formation may have played a role in the
early stages of the chemical evolution of life.
The generality of the processes shown here for other amino
acids and mixtures of different amino acids and their possible
contribution to explain the homochirality displayed by nature
are still open questions, which deserve to be further investigated
in the future.
Computational Details: Ab initio molecular dynamics
(AIMD) simulations on ionized and excited cyclic-alanine-
alanine (cAA) were carried out by using the optimized geometry
of the neutral molecule as the initial structure. This approach
relies on a sudden ionization of the neutral cAA in a Franck−
Condon way, leading, in this case, to the singly charged amino
acid. Tomimic the experimental conditions, we have introduced
a certain amount of excitation internal energy (Eexc) randomly
redistributed among the nuclear degrees of freedom. Typical
values of internal energy of Eexc = 10 and 20 eV were used to
consider the excited states prepared upon ionization. With these
values, we are covering a sufficiently large energy range as
observed in the PEPICO spectra, thus allowing us to identify the
experimentally observed fragments. Notice that we are assuming
a fast relaxation of the energy after the ionization of inner
orbitals into nuclear degrees of freedom, i.e., with dynamics
occurring in the electronic ground state with the energy excess
transferred into vibrational modes. The ab initio molecular
dynamics calculations were performed using the atom-centered
density matrix propagation (ADMP) method. Trajectories have
been carried out in the framework of the density functional
theory (DFT) by using the B3LYP functional in combination
with the 6-31++G(d,p) basis set. These simulations were
performed with a time step ofΔt = 0.1 fs, a fictitious mass of μ =
0.1 au, and a maximum propagation time of tmax = 500 fs. For
each value of excitation energy, 100 trajectories have been
carried out. For the further exploration of the potential energy
surface (PES) via simulations carried out to study the radiolysis
mechanisms, we used the DFT-B3LYP/6-311++G(d,p) level of
theory. Relaxed scans were computed at the same level of theory
to obtain the energy barriers of the reported polymerization
mechanisms and the final structure of the products. All of the
simulations were performed using the Gaussian 16 program.46
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